Morphological development of veliger larvae and juveniles of the hatchery-reared surf clam was ex amined. Larvae settled by 0.26 mm shell length (SL) with the gills and the siphons remaining scarcely differentiated. Although the inner demibranch began to develop just after settlement, the outer one did not do so until about 1.3-1.5 mm SL. After settlement, the primary exhalant siphon arose at first by 0.3 mm SL. The inhalant siphon appeared between 0.4 and 0.6 mm SL, and the exhalant one between 2.2 and 2.5 mm SL. Although distinct in early juveniles, the byssal gland degenerated by 5.0 mm SL. Digestive organs developed rapidly, once a shell length of 3-5 mm SL was reached.
The juvenile stage consists of four substages that differ in their mode of life. Newly settled juveniles depend on interstitial seawater because of the lack of the inhalant siphon. Development of the inhalant siphon enables the juveniles to draw in seawater lying above the bottom surface. Elongation of the siphons enables the juveniles to burrow deeper into the seabed. Juveniles almost completely attain the adult features and mode of life by 15 mm SL. Key words: Spisula sachalinensis, juvenile, early morphology, mode of life, developmental stages, deficiencies in adaptation
The Sakhalin surf clam, Spisula sachalinensis (Schrenck), inhabiting the seas around northern Japan, is a valuable commercial species, and mass seed production has recently been promoted to propagate surf clam stocks. In the surf clam, the fluctuation in mortarity rate during about 6 months after birth causes stock fluctuation in the sea1) and threatens its survival in seed production. Although its mortality rate in the larval stage is unknown, in common with various marine organisms,2) it is survival in the early benthic stages which predominantly deter mines the relative year class strength.1,3)
Various organs, such as the foot, gills, and siphons, differenciate in the larval through juvenile stages,4) during which rapid organogenesis and functional development change the mode of life towards that of adults. The surf clam has several periods of intensive reduction, including the period immediately after settlement, even under good conditions free from predation.5'6) This suggests that the early developmental process accompanied with rapid changes in the mode of life may involve factors that inter fere with the organism's adaptability to its environment, resulting in high mortality which may account for a large part of the early reduction. The present paper describes the morphological develop ment, especially that of organs relating to respiration, feed ing, digestion and locomotion, in veliger larvae and juveniles of hatchery-reared surf clams and a classification of developmental stages is proposed. The subsequent dis cussion focuses on the relationship between development of organs and change in the mode of life, and on incom plete adaptability inherent in the early developmental process.
Materials and Methods
The study used hatchery-reared larvae and juveniles of the surf clam produced at Miyagi Prefecture Sea Farming Center, Oshika, Miyagi, Japan, in 1993 , 1994 , and 1995 Morphological development was observed from 2-day-old larvae to juveniles of about 15 mm shell length (SL), from June to November in each of the three years. Seventeen to twenty nine individuals were sampled every 5 days until 50-55 days after hatching and then 7-13 in dividuals every 5-9 days. They were transferred to 100 ml dishes containing seawater and sand similar to that for the rearing, to observe the burrowing behaviour. Shell length (SL) was measured from the anterior to posterior ends of the valve to the nearest 0.001 mm. The morphological ob servations were carried out on the gills, labial palps, foot, siphons, alimentary canal, crystalline style, and digestive diverticula. For larvae and juveniles with transparent shells, smaller than 1.5 mm SL, the movement of the or gans were also observed alive using a binocular dissecting microscope. Then, they were fixed and decalcificated by Bouin's fluid for study of the detailed structure. After these preparations, decalcified shells were removed and the soft body was slightly stained with Mayer's hematoxylin. They were then dehydrated through ascending concentra tions of ethanol, and made semitransparent in methyl-ben zoate.
Wild juveniles of 10-15 mm SL collected off Soma, Fukushima, in 1987 and preserved in 10% formalin were supplementarily used as a source of larger specimens. Af ter removing shells, they were slightly stained, dehydrated, and made semitransparent in the same way, and then ob served.
Terminology on development and morphology general ly followed Ansell,8) Sastry,4) Moor,9) and Stachowitsch.10)
Results
Growth of Reared Larvae and Juveniles Figure 1 shows the growth of shell length of a cohort hatched on June 15, 1994. The descriptions were mainly made for the cohort. The larvae settled at 17-20 days after hatching when they reached about 0.23-0.25 mm SL. Af ter settlement, the juveniles grew rapidly and reached a mean shell length of 2 mm at 55 days, 10 mm at 100 days, and 14 mm at 142 days.
Morphological Development of Veliger Larvae Figure 2 illustrates the morphological development of veliger and pediveliger larvae. A veliger larva of 0.16 mm SL ( Fig. 2A) with a slightly bulged umbo remained nearly round in outline. The larva had a large velum, and the den sely ciliated mouth lay immediately posterior to the velum. The capacious stomach occupied the central part of the visceral mass. Anlagen of the digestive diverticula lay be tween the stomach and the wall of the visceral mass as scat tered small brown masses of cell. The intestine left the posterior right aspect of the stomach and turned posterior At 0.19 mm SL (Fig. 2B ), the shell valves elongated an teriorly to approximate to the specific form. The posterior adductor muscle developed at the posterior end. Although the foot was not yet recognizable, the statocysts appeared at the region where the base of foot would differentiate later. The starting point of the intestine migrated ventrally to the right central region of the body.
At 0.21 mm SL (Fig. 2C ), the foot was recognizable, being narrow, spatulate and densely covered with cilia. Larvae at the pediveliger stage had both the velum and the foot developed. Anlagen of the gill, consisting of 2 or 3 fila ments, arose. The most anterior filament bore cilia, which were beating faintly and intermittently.
At the range of 0.23-0.24 mm SL (Fig. 2D ), the velum was degenerating. The foot curved anteriorly in the mid dle, but had no posterior protuberance. Its tip remained round, not hatchet-shaped. By 0.26 mm SL (Fig. 3A) , most larvae had lost the velum and begun to settle. During the entire transition from larvae to juveniles, they were never attached to the substratum by means of byssal threads. Newly settled juveniles crawled actively and bur rowed to depths greater than their own shell length, extend ing the foot about 1.0-1.3 times the shell length.
Development of Organs in Settled Juveniles
The Gills.
Figures 3 and 4 illustrate juvenile development of the ex ternal features and gills. The adult gills consist of two pairs-inner and outer-of demibranchs on the right and left sides of the body, which are similar in size. Each demibranch is laminated, being formed of two similar plates: the inner and outer lamellae. They are made up of a number of ctenidial filaments set closely together. The demibranchs differed in the time of their first appearance. The inner demibranch developed first in the pediveliger. Therefore, early juveniles had only the inner demibranch until the outer one developed when the animal had at tained a size of 1.3-1.5 mm SL. At settlement, the inner demibranch consisted of 3 or 4 filaments with beating cilia. Subsequently, it increased in the number of filament rapidly in proportion to the body size to attain a plain structure (Fig. 3A) . At 0.58 mm SL (Fig. 3B) , the inner demibranch was still a single plate con sisting of the outer lamella with 7 or 8 filaments, not recurved at the distal end. A juvenile of 0.95 mm SL (Figs. 3C, 4A) had formed the inner lamella at the distal end, but no food groove was yet present. Some juveniles began to form the inner lamella at about 0.8 mm SL, and in most juveniles it was distinct by 1.0 mm SL.
The outer demibranch appeared at a size of 1.3-1.5 mm SL (Figs. 3D, 4B ), when the inner one carried about 22 fila ments. Filaments of the outer demibranch increased in number anteriorly along the ctenidial axis. Their upward growth formed the outer lamella first, the distal end of which was attached to the mantle from the beginning of the formation. At 3.03 mm SL (Fig. 3E) , the outer Numerals denote shell length. a, anus; bg, byssal groove; dd, digestive diverticula; eo, exhalant orifice; es, exhalant siphon; f, foot; g, gill; id, in ner demibranch; int, intestine; is, inhalant siphon; Ip, labial palp; od, outer demibranch; pes, primary exhalant siphon; sp, sensory projection. Every drawing consists of a lateral view of the left demibaranchs (left) and a dorso-ventral section (right). Broken lines show ctenidial axes, and dash-dotted lines indicate the distal edges of the inner lamella of the inner demibranchs.
Numerals denote shell length. fg, food groove; id, inner demibranch; ilid, inner lamella of the inner demibranch; ilod, inner lamella of the out er demibranch; ml, mantle lobe; od, outer demibranch; olid, outer lamella of the inner demibranch; olod, outer lamella of the outer demibranch, sbc, suprabranchial chamber; vm, visceral mass. demibranch bore filaments even at the anterior end of the axis, and had the same number as the inner demibranch. Filament formation on the outer demibranch had reached the anterior end of the axis by 2.2-2.5 mm SL, and de velopment of the inner lamella followed (Fig. 4C) .
At 1.56 mm SL (Fig. 4B) , a food groove ran along the ventral margin of the inner demibranch. The inner demibranch developed with the dorsal edge of its inner lamella remaining unattached to the visceral mass (Figs.  4B-4E) . Conversely, the outer demibranch was V-shaped, bearing a suprabranchial chamber at the dorsal base from the beginning of the formation of its inner lamella , since the inner lamella of the outer demibranch grew out from the axis similarly to the outer one. The food groove on the outer demibranch appeared early during the formation of the inner lamella, being apparent at 2.75 mm SL (Fig. 4C) .
The smallest juvenile with a food groove was 2.60 mm SL. At 18.3 mm SL (Fig. 4F) , the dorsal margin of the inner demibranch attached to the visceral mass and formed a suprabranchial chamber. The fusion occurred in most juveniles at a range of 14-17 mm SL, and made the inner demibranch V-shaped. The gills thus achieved the basic structure of the adult form. The demibranchs subsequent ly changed little in morphology, and quantitative growth predominated.
The Labial Palp.
Immediately after settlement at 0.26 mm SL (Fig. 3A) , anlagen of the labial palp were present as two pairs of papillae at the position where the velum had lain. They then grew into triangular flaps. Although the labial palp de veloped rapidly like the gills, it differed from the gill in starting with two pairs of papillae.
Although cilia borne on the inner surface and margin of the labial pale were distinct in the early stages, they decreased gradually in relative length and became invisible at 3.03 mm SL (Figs. 3B-3E ). Afterwards, ridges on the in ner surface increased gradually in number with little change in outline. Wiping of the gills with the labial palp was frequently observed in juveniles of 0.4-1.0 mm SL. The Foot.
The foot, having been thin and spatulate at settlement (Fig. 3A) , gradually thickened with muscular develop ment. Juveniles smaller than about 0.3 mm SL exhibited a behavior which involved wiping the gill with the foot flex ed laterally. The foot bent to become L-shaped with a pointed tip, and formed a hatchet foot by 0.3 mm SL. Cilia home densely on the foot surface in early juveniles degenerated with increase in body size and were invisible at 0.58 mm SL (Fig. 3B) .
Newly settled juveniles possessed the byssal apparatus. The byssal groove extended a wide flat surface of sole along the posterior half of the ventral edge of the foot. The byssal depression lay near the center of the ventral edge at which the byssal groove ended, and the byssal gland opened immediately anterior to the heel.
The byssal groove had become a slender rimmed concavi ty by 2.0 mm SL and narrowed subsequently. At or near 3.0 mm SL, although the byssal depression and byssal gland remained distinct, the byssal groove became a nar row furrow.
It fused and closed up by 4.95 mm SL, with only the byssal depression remaining as a pit which also dis appeared at 6.43 mm SL.
The Siphon. Figure 6 illustrates the development of the siphons. Although the mantle lobes had fused to form an exhalant orifice at the posterior end by the time of settlement, no tubular extension had yet formed (Figs. 3A, 6A ). The in halant orifice was also not yet formed, but there was a ciliated region on the mantle edge at the ventral side of the exhalant orifice. At 0.49 mm SL (Fig. 6C) , tentacles arose on the mantle edge immediately ventral to the primary exhalant siphon. Formation of the tentacles began at or near 0.4 mm SL. At 0.58 mm SL (Figs. 3B, 6D) , the right and left mantle edges Numerals denote shell length. eo, exhalant orifice; es, exhalant si phon; io, inhalant orifice; is, inhalant siphon; pes, primary exhalant siphon; t, tentacle; tp, tentacular projection; sp, sensory projection; va, valve.
fused anterior to the region of the tentacles to form an in halant orifice. Subsequently, the inhalant siphon elongat ed and the number of tentacles on its lip increased. The ratio of siphon length to shell length increased gradually from 0.15 to 0.20 (Table 1) .
At 2.16 mm SL (Fig. 6E) , tentacular projections, which were anlagen of the exhalant siphon, arose around the base of the primary exhalant siphon. Most juveniles began to form the exhalant siphon by 2.2-2.5 mm SL. At the same time, sensory projections arose along the mantle edges (Figs. 3E, 6E ). The exhalant siphon elongated, ex tending over the primary exhalant siphon toward its distal end (Figs. 3E, 3F ) and ensheathed it completely by 14.9 mm SL (Fig. 6F) . Tissue of the exhalant siphon originated from the middle fold of the mantle, similarly to the in halant siphon. Coordinated development of both siphons eventually formed a united siphonal apparatus.
The Alimentary
Canal. Figure 7 illustrates the development of the digestive or gans. Development of the gill and thickening of the wall of the visceral mass after settlement prevented observation of the internal structure while the animal was alive. Subse quent observations were conducted on specimens which were fixed and lightly stained. At 0.82 mm SL (Fig. 7B) , the gastric shield appeared on the left inside the stomach and the sorting area became rela tively smaller and tubular. The gastric shield had extended to the right side by 1.0-1.5 mm SL. Figure 8 illustrates frontal views of the intestine. At 0.98 mm SL (Fig. 7C) , the intestine turned back in front of the visceral mass after passing to the right of the body. The recurved part elongat ed gradually (Figs. 7D-7F , 8A-8C), and began to coil up anterior to the digestive diverticula at 3.65 mm SL (Fig.  8D) . The intestine then grew rapidly to form a complex coil.
At 4.95 mm SL (Figs. 7G, 8E ), the coil was duplex, con sisting of two-outer and inner-parts. The outer part coiled 2.5 times counterclockwise and turned upwards dorsally at its right ventral aspect. Subsequent extension of the intes tine was accompanied by further winding of the outer coil, but not the inner one. At 14.9 mm SL (Figs. 71, 8G ), the in testine had achieved the adult pattern of coiling. The Crystalline Style.
At 0.51 mm SL (Fig. 7A) , the style sac was distinguisha ble from the stomach, lying beneath the left ventral por tion of the stomach. Subsequently, it extended ventrally into the foot, forming a conical blind sac (Figs. 7B-7F) . The style sac of this species, which is isolated from the in testine, contains a mucous mass with no firm crystalline style in early juveniles.
At 4.95 mm SL (Fig. 7G) , a ribbon-like crystalline style had developed. Although such early styles appeared be tween 4.5 and 5.0 mm SL, rod-like styles became distinct only when a shell length of 6-7 mm was reached. The crys talline style elongated and thickened progressively to fill the style sac at 14.9 mm SL (Figs. 7G-7I ).
The Digestive Diverticula.
Anlagen of the digestive diverticula were present as scattered small brown cell masses around the stomach at settlement. The digestive diverticula subsequently extend ed anteriorly and dorsally. At 0.51 mm SL (Fig. 7A) , the diverticula consisted of only thin layer of tissue, but the Every drawing consists of left (left) and right side views (right). Numerals denote shell length. cs, crystalline style; dd, digestive diverticula; gs, gastric shield (inside the stomach); int , intestine; oe, oesopha gus; sa, sorting area; sc, statocyst; ss, style sac; st, stomach. Right-hand parts of the drawings E-G illustrate the inner part of the intestine coil. Arrows indicate the connection between inner and outer parts of the coiled intestine. Numerals denote shell length.
cell masses formed denser patches, which united gradually to become islets (Fig. 3B) .
At 0.82 mm SL (Fig. 7B) , the diverticula developed par ticularly on the antero-ventral side and extended anteriorly and dorsally to surround the stomach. Increasing in volume, the cell masses continued to unite, resulting in further thickening of the organs (Fig. 7C) . The diverticula on the animal's left side developed first. At 1.50 mm SL, the diverticula developed masses of vesi cles in the tissue, and subsequently developed rugged sur faces by 3.0 mm SL. The degree of development became similar on the right and left by this stage (Figs. 7D-7F ) .
Although there was little subsequent change in morpholo gy, the diverticula increased further in volume to occupy a large proportion of the visceral mass (Figs. 7G-7I ).
Developmental
Sequences of Organs Figure 9 illustrates the developmental sequences of the organs examined. In the surf clam, the period of metamor phosis can be defined as the last substage of the larval stage. The juvenile stage, which lasts from settlement till sexual maturity, can also be divided into four substages based on differences in the fundamental mode of life. De velopment of the organs and their functioning are thought to be associated with the mode of life as follows.
Substage Metamorphosis (the last substage of the larval stage): 0.21-0.26 mm SL. When the foot appears and in creases in size, larvae commence repeated swimming and landing. This substage corresponds morphologically to the period of the pediveliger in which both the foot and the ve lum are functional.
Substage Juvenile-1 (J-1): 0.26-0.60 mm SL. The sub stage J-1 lasts from settlement till establishment of an in halant orifice. Pediveligers settle, by an abrupt loss of the velum, directly without, passing through an attachment phase mediated by means of byssal threads. Newly settled juveniles tend to burrow deeper than their shell length. Sea water enters the mantle cavity between the shell margins be cause of the absence of the inhalant orifice. Therefore, they must depend on interstitial water for feeding and respiration.
Substage Juvenile-2 (J-2): 0.6-2.2 mm SL. Formation of the inhalant orifice followed by extension of the in halant siphon enables the juvenile to draw in seawater lying over the bottom surface through the siphon. At the same time, the cilia on the foot surface begin to degener ate. Consequently, the gill cilia are mainly responsible for producing inhalant currents. The exhalant siphonal apara tus is still the primary exhalant siphon. The inner lamella of the inner demibranch, the outer lamella of the outer demibranch, and the food groove develop later in this sub stage. Although the byssal gland is distinct on the ventral margin of the foot and exists up to 4-5 mm SL, juveniles exhibit no distinct attaching mode of life during this period. Juveniles in the substages J-1 and J-2 are restricted to living very close to the surface of the sea bottom in ord er to maintain contact with the overlying seawater by means of the short inhalant siphon and the frail thin prima ry exhalant siphon.
Substage Juvenile-3 (J-3): 2.2-15 mm SL. The substage J-3 commences with the development of the exhalant si phon around the base of the primary exhalant siphon, and terminates with the completion of the united siphon. For mation of the stout exhalant siphon, in parallel with the ex tension of the inhalant siphon, enables juveniles to expand their living area to deeper layers. The byssal gland disap pears completely by about 5 mm SL, early in this substage. Although the inner lamella of the inner demibranch in creases further in size, its dorsal edge remains unattached to the wall of the visceral mass. Filament formation on the outer lamella of the outer demibranch reaches the anterior extremity of the ctenidial axis, and is followed by'forma tion of the inner lamella. Development of the digestive or gans is morphologically marked by coiling of the intestine, appearance of the rod-like crystalline style, and increasing size of the digestive diverticula. Their development progresses rapidly late in this substage.
Substage Juvenile-4 (J-4): over 15 mm SL. This substage can be discriminated from the former as organs, such as the gills, siphon, foot, and digestive organs, attain their adult forms, there being only a small difference in the mode of life. The inner demibranch becomes V-shaped by attaching to the visceral mass along the dorsal edge, simi larly to the outer one. The exhalant siphon ensheathes the primary exhalant siphon right up to its tip, to form the united siphon. The intestine attains the coiled pattern of Fig. 9 .
Developmental sequence of organs of Spisula sachalinensis.
• It is not true in the early development of the surf clam that organs develop in close functional connection with each other, and that the mode of life changes smoothly on the basis of fulfilment of the necessary functions. On the contrary, some changes in morphology trigger a transition of the mode of life which tends to precede adequate de velopment of organs and functions necessary for the subse quent life style. Consequently, immediately after changing the mode of life, there are periods in which the juveniles have to depend on organs which are functionally imma ture and on inadequate substitutive functions.
Molluscan veliger larvae feed by means of ciliary cur rents on the velum.12) In adults, the cilia on the gills produce inhalant currents .4,13,14) In the surf clam, larvae set tle due to loss of the velum and adopt a benthic life with the gills and the siphons remaining scarcely differentiated. Juveniles in the substage J-1 are equipped with only a pair of inner demibranchs bearing a few filaments. Therefore, the cilia on the foot surface must be responsible for producing inhalant currents as in juveniles of Macoma balthica15} and Pandra inaequivalvis.16)
The surf clam juveniles commence suspension-feeding by the formation of the inhalant orifice at the beginning of substage J-2. Changing the manner in which juveniles in hale seawater means that they must change their food source from particles of the bottom deposit in interstitial water to suspended organic matter. However, the gills have a small filtering area and, as their edge remain unat tached to the visceral mass, the mantle cavity is initially separated only incompletely in the substage. Therefore, the gills remain poorly functional as a filter. The behavior of wiping the gill surfaces with the foot and labial palp, which is exhibited by juveniles up to about 1 mm SL, may be a substitutional function to scrape up particles retained on the gills and convey them to the mouth. Formation of the food groove and the outer demibranch of the gill, which occurs late in the substage J-2, is essential for further development of the filter-feeding ability.
Settlement is the greatest change in the mode of life, and critical for many bivalves.4) When juveniles cannot adapt smoothly to the environment of their new mode of life at these turning points, such as settlement, because of rela tive dysfunction arising from inharmonious development of organs, they are prevented from growing normally, with probably leads to high mortality.
